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Abstract

The three major sections of this report are eutectics , metal

fatigue and ceramics, and the research in these is spread arross the

L e

Carnegic-Mellon University, the University of Pittsburgh and the

Westinghome Research Center. Whereas the majority of the projects

L et 4

' are in formative stages, the work on the nickel-chromium eutectic

é is well developed. It covers the solidification wnder various growth

. conditions and the resultant mechanical properties over the
temperature range -250 to 8500C. The composite strength is analyzed in

5 terms of the rule of mixtures. Experimentel studies of the stability

’ of the lamellar microstructure of NiCr during growth are being done

g in an EB float zone apperatus. Two sets of fatigue experiments are
underway, and those on low cycle fatigue in ultrahigh vacuum have

l reached the apparatus testing stage. In ceramics » the experimental work

i‘ is furthest along in Mg0 and its alle '8, with mechanical tests and
electron microscopy of TiC almost as far advanced.




e e
4 %




CAREEDY e L oaas ) LS ] L s=n ozt )

Introduction

This is the first semi-annusl report on the ARPA contract
DAHC15-67-C-0176, and for the most of the participants, many of whom
have Just arrived, it represents an "equipment and materiel organization"
stage at which few experimental results are available. Work on the mechanical
properties of the nickel-chromium eutectic is an exceptiun and a start
has been made on the growth characteristics of this material in an electron
beam zone refiner.

The report has becen arranged in order of subject ratner than
location so that projects of a similar nature may appear £ogether.
Dr. B. J. Shaw, Dr. W. C. Johnston and Dr. R. Kossowsky at Westinghouse
Research, Dr. H. D. Brody at the University of Pittsburgh and Dr. R. D.
Townsend at the Carnegie-Mellon University are working on the solidification
and mechanical properties of the Ni-Cr eutectic. At the same time,
Dr. R. D. Townsend shares in common with Dr. J. C. DiZrimio and Mr. H. F.
Andrejasik of the University of Pittsburgh the topic of fatigue in metals.
Dr. D. Regone, Dr. M. Papapietro and Dr. J. S. Foster at the Carnegie-
Mellon University are concerned with research on the mechanical properties
of various ceramics.

Each investigation has been presented separately in this report,
though it is anticipated that the format will change slightly with time
as the authors combine in subjects of common interest. The personnel

and those responsible for the contract are:




Carnegie-Mellon University

Coordinator Professor H. Paxton
Assistant Coordinator Dr. D. Ragone
Dr. J. 8. Foster
Dr. M. Papapietro
Dr. R. D. Townsend

University of Pittabm;@_:

Coordinator Professor E. Salkovitz
Ansistant Coordinator Dr. H. D. Bredy
Dr. J. C. DiPrimio
Mr. H. F. Andrejasik

Westinghouse Research & Development Center

Coorviinator Dr. D. R. Hamilton

Assistant Coordinator Dr. B. J. Shaw
. Dr. W. C. Johnston

Dr. R. Kossoweky
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Celendar o) Lvents

Our monthly luncheon meetings have continued during the second

quarter. The following members of the ARPA contract have given short

presentations at these of their area of interest and their progress, with

subsequent general diacussion.

Place Date Spuaker

Affiliation

Westinghouse September 19, 1967 Mr. P.J. Jablonski

Carnegle-Mellon October 27, 1967 pr. W. C. Johnston
Dr. H. D. Brody

Pittsburgh November 21, 1967 Dr. R. Kossowsky
Dr. J.S. Foster

The following seminars have been given

Westinghouse August 15, 1967 Mr. J.T. Smith
Pittsburgh October 3, 1967 Mr. M. Donner

Pitteburgh December 12, 1967 Dr. N.J. Grant

Carnegie-Mellon

Westinghouse
Pittsburgh

Westiaghouse
Carnegie-Mellon

Lehigh University
Pittsburgh

M.I.T.

On November 17 graduate students made & tour of the facilities at

Westinghouse Reseserch.
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1. Mechanical Properties of Unidirectionally
Solidified Ni-Cr Eutectic

by
R. Kossowsky, W. C. Johnston and B. J. Shaw
Westinghouse Research & Development Center

Introduction

In recent years there has been increesing interest in dispersion
and second phase strengthening in materials needed for high temperature
applications. The role of structure on the mechanical properties of such
allcys has been well established experimentally and to so:me extent accounted
for theoretically. The problem of how the strengthening mechanisms due to
fibers and lamellae operate has been reduced to its simplest form by the
febrication of composites of strong rods unidirectionally aligned in a
ductile matrix.

From work on tungsten-fiber-reinforced copper » for example, it
vas established that the "Rule of Mixtures'" could explain the strengthening.l’2
A somevhat more sophisticated technique for introducing strong fibers into
copper mrtrix was used by Hertzberg and Kraft3 whe unidirectionally
solidified copper-chromium eutectic. The use of unidirectionally solidified
eutectics has advantages in that there are no matrix-fiber wetting problems
avd fine fibers are automatically aligned and uniformly spaced. However,
one is restricted to a specific volume fraction of the second phase.
Nevertheless, even though the volume fraction is fixed, the rod or lamella

* thickness ), can be varied by controlling the freezing interface velocity.u
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Alternatively, the grown material maey be worked down by swaging
or rolling. Embury and F:‘Lsher,5 using this approach, drew down pearlite
in iron and studied the mechanical properties. They found that the yield
strength, u‘) » vwas proportional to d'l/ = where d was the wire diameter.
It could be inferred that o, was also proportionel to ot 2; but the work
hardening had to be taken into consideration at the same time. By
varying the growth rate of the cedmium-zinc lamellar eutectic, Sh:aw6

showed that

Gy o« h-l/a (1)

without the introduction of work hardening. He suggested that the

lamellar interface itself contributed to the strengtchening of the composite.
It cannot be inferred necessarily that equation (1) is genmeral to all
composites since their properties depend on the relative strengths,
orientations and physical properties of the two phases,

In this investigation we have evaluated the mechanical
properties of the unidirectjionally solidified fec - bee eubectic Ni-Cr.
This eutectic was selected because it presented the possibility of a
high strength, high temperature and high corrosion resistant alloy for
turblaoe dlade applicetions, and also represented a hard-soft phase
combination with two completely different slip systems.

Specimens have been tested in compression and tension
up to 850°C and a detailed study of the microstructure as a function
of plastic strain and temperature has been carried out by electron
microscopy. Tentative arguments indicate that the composite strength




= B=

can be interpreted in terms of the simple rule of mixtures. For lamellae
of the thicknese )\ ~ 10 microns produced from the melt it is shown that
no strengtheninz is derived from the lamellar interfaces or from the lamellar
size itself, in direct contrast to the results of Embury and Fioher”
and Shav.6

It is probable that the interfaces and lamellar spacing would
becoms more dominant factors in the strength of the Ni-Cr lamellar eutectic
ir ti;e structure could be made much finer. Since it has not proved possible
te refine the structure by increasing the growth velocity from the melt,
we are currently attempting to roll the material down 'n ‘order to

investigate this point.

A. growth of the Ismeller Eutectic

_Qm:aratua for Unidirectional Solidification

Figure 1 shows the apparatus used to produce 0.2 in. diameter
samples of alloys melting up to 1500°C. The crucible tube is alumina,
5 mm I.D. x 2% in long and contains the charge which bas been cast, swaged
or mechined to 0.195 in diameter. The lower.end of the tube is immersed
in a fiowing water bath. The upper end is supported by a 10 mil nichrome
wire which lowers the crucible and charge out of the furnace at a
prescribed rate. Surrounding the crucible iz a graph’ie susceptor into
vhich a control thermocouple is inserted. The furnace is insulated with
fiberfrax and enclosed in a quartz tube. There is a sliding seal at the

bottom eround the crucible and one on the top so that an atmosphere mey
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be used for the sample and susceptor. The power for this furnace is
supplied from a 10 kw, 450 k¢ generator.

Figure 2 shows the apparatus used to produce bars from 3/8 in.
diemeter up to 1-1/2 in diameter. It is similar in operstion to 0.2 in.
diameter size but uses a 10 ke source. The control therwv..ouple is again
inserted within the wall of the susceptor but there is «afficient space
within the furnace to install thermocouples in the sample. Cruciyle
tubes oi which the internal diameters are 3/8 iu and 1/2 in respectively
very seldiom cracked during a run. However, for the 1-1/2 in diameter
size, special rrecautions were taken and a unique design evolved.

The sample is placed in the crucible tube in two pieces with an
expension gap between the two located at the intended molten zone position.
The top plece is pinned to the crucibiie. Molybdenum rods also hcld the
top and bottom parts of the crucible together. Thus if the crucible
develops a crack the molybdenum rods will prevent the erucible from
separatiﬁg into two pleces with subsequent loss of the 1liquid zone.

The skin depth for graphite (p = 107 n-ohm-cm) is 1.15 in at
these frequencies and the actual wall thickness is 3/6 in. The field
thus penetrates the susceptor and induces currents in the melt whizh
stir the melt, controlling both solute and heat transport at the
interface. Thermocouple measurements in the melt indicate a liquid
zone that is completely stirred and mixed. Stirring is controlled by

changing the thickness of the susceptor.
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Results

Temperature gradients in the sample were measured in the large
uexperimental apperatus. The temperature gradient wes controlled by
adjusting the temperature of the graphite susceptor (see Fig. 2). The
gradient was measured by inserting a tungsten-tungsten 26% rhenium
thermocouple and sheath into the melt and taking a time temperature
traverse during freezing. In this manner the temperature profile in
the molten zone and during the freezing could be measured. The
temperature gradient ranged from about 100°C/in to 300°C/in.

The stability of the interface depends upon the temperature ‘
gradient, the growth velocity, and the purity of the sample mater:lals.7
Analysis of three samples of the NiCr are given in Table I. The first is ‘
for material cast at Westiughouse ard the latter two for material l
received from leytess before and after the crystal was grown. With the
excertior of Fe, Ma and Co, the three amalyses are about the same. It 1
is concluded that very little partitioning is taking place, and very little
impurities are picked "up from the crucible (99.9% pure alumina).

The characteristics of the growth are shown in Fig. 3, where
temperature gradient is plotted against growth velocity. The area to
the left and above the line is the region of stable lamellar growth. A
photomdcrograph of run T-13 in this stable region is shown in Fig. h,
vhere L(a) is a transverse section showing complete 1amellar £illing of

the entire cross-section. The growth rate was 1/3 in/hr, the temperature

gredient 1609C/in, and the lamellar spacing 15 microhe‘ Even though

P, peeeme®™y, e,y
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there are quite a few grains in a cross section (1/2 in diameter) the
lamellae from one grain to another show scme degree of coordination.

Figure 4(b) is a longitudinal section of run T-13 showing that the
lamellae are continuous.

In Fig. 3 the area to the right and below the line is a region
of cellular and dendritic growth. Figure 5(a) is a transverse section of
run T-1T showing the growth of dendrites with lamellae and rods filling
the space in between. The growth rate was 1 in/hr and the temperature
gradient 160°C/1n. Figure 5(b) shows a photomicrograph of run T-12 made
at 2 in/hr. There are more dendrites and rods and less lamellae.

A range of growth rates from 0.1 in/hr to 8 in/hr was investigated
to determine the extent of stable interfaces. It was Tound that above
1 in/hr the interface becaire unstable and dendritic growth developed,
while speeds below 0.1 in/hr are impractical, so that the growth range
is about 10 tc 1. It has been shoxmll that the lamellar spacing varies as
the inverse root of the growth velocity. The lameller spacing was measured
on samples and isz shown in Fig. 6. The smallest spacing is about 5 microns.
In order to determine role of the interface upon the mechanical properties,
it is necessary to either grow, or in some way procuce, material with a
finer lamellar spacing. Finer lemellar spacing would require groving et
a faster speed which invariably produces dendrites.

| An attempt was made to reduce the lamellar spacing by hot swaging
a bar of grown material. One-haif inch grown bars of material at 1ooo°c

weve sweged to a size of 1/k in diameter in uteps with reheating in between
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operations. Cracks began to develop and samples were cut from the bar.
It was found that the lamellse were twisted and folded upon each other
and internmal cracks were developing. It was concluded that hot rolling
would have a better chance of success.

Samples of grown material were encapsulated in stainless steel
cylinders for the purpose of hot rolling. The space between the sample
and the cylinder was filled with alumina powder. Reductions of 50% have
been made at 900°C and the material has been examined. Apact from normal
surface cracks on the rolled ingot, no intermal cracks were found. In
some areas, lamellar refinement was found thus indicating that the
technique mey be successful.

During the freezing process there is a redistribution of the
chromium and nickel. The composition freezing out in the matrix and in
either the lamellae or rods is indicated on the phase diagram shown
in Fig. T. However, as the sample cools down, nickel in the lamellae
or rods must either precipitate or diffuse out, and likewise the metrix
is capable of accepting more nickel ir solution. Figure 8 shows a
nicroprobe trace of the nickel and chromium content of a sample which
contained both lamellae and rods. It is seen that the nickel content
in the lameliase and rods is quite a bit lower than the equilibrium value
for the eutectic temperature. Furthermore, the nickel content in the
matrix has increased showing that nickel is diffusing out of the

lamellae and rods into the matrix. In Fig. 8 it can be seen that the
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Concentration gradients in the lamellae and rods are very steep. The
final composition of the samples corresponds to an upper equilibrium
temperature of about 1150°C.

Tabie I

Analysis of material from Leytess as receiveqd (L-1B) and after groving
(L-14) with Westinghouse ‘nominal 99.9% after growing (VM964), in wt %o

Ni Cr P Mg c s N 0
L-1B  U49.0 50.6 < 0.0005 < 0.003 0.0103 0.0010 0.0030 0.019
L-14 k8.9 50.7 < 0-0005 < 0.003 0.01% 0.6010 0.0022 0.016
VMI6L  L7.5 52.2 < 0.0005 < 0.003 0.0075 0.6010  0.0065 0.033
Fe v Mn ™ Mo Co Cn si

L-1B  0.006 < 0.001 <0.001 <0.001 < 0.001 <0.001 < 0.001 < 0-01
L-JA  0.006 < 0.001 <0.001 < 0.001 < 0.001 <0.001 <0.001 < .01
VWM96Y 0.1 < .001 0.05 005 < .001 0.02 < .001 0.02

B. Electron Microscopy and Mechanical TestEg

Electron Microscopy

Specimens for the electron microscope were brepared by wafering
blanks from the as growvn and from the tested specimens perpendicular to
the growth direction. The blanks were ground to .25 mm thickness on a fine
eémery paper then further reduced to .13 mm by polishing with iy diamond
paste. Final pPolishing was performed in an automated Jet polisher. The
fact that the alloy is composed of two distinct phases caused some
difficulties in electropoliahing. A given electrolyte designed to polish
one phese would cause the other to polish at a diferent rate.

Consequently, one phase, generally the nickel, was polished until first




‘a higher magnification in Fig. 10 and was identificd by electron
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perforation occwrred. The hole was then masked and polishing was resumed

in another solution. Polishing conditions were as foilows:

Wi rich phase, 23 ml perchloric acid and 77 ml glacial acetic
acid, at 25-30V and 0.T A/cme.\

Cr rich phase, #20 ml phosphoric (85%) acid, 340 ml sulfuric
acid and 240 ml water at 2.8 V and 0.1-0.2 A/cnZ.

All specimens were studied in a JEM-T electron microscope
operating at 160 kV.

Results

Figure 9 is a typicai electron mierograph of tﬁe as-grown
structure vith the typical grown in dislocation density. Two features
should be emphasized. The lack of dislocation concentration or pile-ups
at the Cr-Ni bounderies, indicating no residual growth stress , and the

internal structure in the Cr rich lamellae. This structure is shown at

diffraction primarily as Cr203. Diffraction patterns, taken simultaneously
of both phases Srielded the following relations:
(211) N1 || f1I0) cr
and (1ilm || [olecr

Mechanical properties wer: primarily investigated by meens of
compression testing at temperatures between -198 and 850°C for both as
grown, swaged and annealed specimens, as shown in Fig. 1l. Also included
in Fig. 1l are three temsile tests. The curves for the grown and swaged

specimens are displaced by a constent stress of about 105,000 psi.

g-g@%ﬁm%%%@mﬁmmulLlf~w
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Above 500°C the effect of svaging is diminishing and disappears at 860°c.
Also note that as temperature increases the difference between compression
and tensile strength decreases. Added to Fig. 11 are microhardness test
results which have a bearing upon the deformation characteristics of the
two phases. In the as-grown condition the chromium rich phase is twice
as hard as the nickel rich phase. After 40% cold reduction, followed by
half an hour anneal at 1000°C, the chromium rich phase has work hardened
by an insignificant amount, while the hardness of the nickel rich phase
has almost doubled.

Figures 12 to 15 are light micrographs of tensile specimens
deformed at temperatures between 20 and 1080°C. At room temperature
(Fig. 12) the chromium rich phase fractures in a typical brittle manner
while the failure of the more ductile nickel rich phase is delayed.
At 500°C (Fig. 13) the chromium rich phase exhibits some ductility and
one can observe the bending of the lamellae along the maximum shear
direction at h5° to the tensile axis. Increased ductility of the
chromium rich phase is seen in Fig. 14, which is a light microgiaph of
a specimen deformed at 800°C. At 1080°C (Fig. 15) this phase is very
ductile. One also observed a large number of voids formed at the
interface, also reported in fece aluminum8 and bee tantalum,9 both of
which had large numbers of inclusions.

The dislocation structures in deformed specimens are illustrated
in Figs. 16 to 18. Mo percent deformation at room temperature (Fig. 16e)
results in band structure typical for fecc alloys with low stacking fault

energy, such as Cu-T7.5 A% Al,lo 18-8 stainless steel and Ni-19Cr
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supsralloy, which deform at the early stages by planar slip. Although
the stacking fault energy of pure nickel is rather high,la of the order

of 150 erg/cma, the addition of chromium lowers it to about 25 erg/cma.

_After 40% RA by cold swaging followed by 1/2 an hour anneal at 1000°c,

a definite sub-structure has developed (Fig. 16b) which shows ring
diffraction patterns typical of a polycrystalline material. Deformation
at high temperature (Fig. 17) is characterized by an irregular tangled
dislocation structure with occasional nickel oxide particles. Th.
structure of the Ni-Cr interphase boundary following room temperature
deformation is snown in Fig. 18 where one can observe 8 narrow band of
tangled dislocations running vertically at the left third of the figure.
The structure inside the chromium rich phase is somewhat difficult to
resolve but does not seem to be significantdy different from that in

the as-grown material, Pig. 10.

Discussion
If one assumes a complete load transfer across the interface
of a two-phase material such as a unidirectionally solidified Ni-Cr
eutectic, then the strength of the composite S, should be given by the

simple lav of mixture, 9, v

= aCr Cr +
sumarizes three tensile test results (Fig. 11) and calcvlated strengths

UNi (1 - VCr). Table II

for the composite, assuming 21% for Vops the volume fraction of the
chromium rich phase,

e D - N )
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[ Table II
p Test Temp. Iyi T g,, calc, o, measured
| (°c) 1000 ps1™® 1000 ps1’® 1000 pst 1000 psi
20 L5 115 59 57
500 22 T2 32 38
E 00 13 26 16 36

The values for the intrinsic strengths of Ni-Cr solid solutions were
| obtair~d from a publication by International Nickel Company16 for
Ni-35Cr (oNi) and Cr-15Ni (obr)’ respectively (see also Fig. 8). The
agreement between the measured and calculated values for LA at room
temperature suggests that the strength of the composite is, in fact,
controlled by the load bearing capacity of the individual phases through
a load transfer across the interface. This statement also implies that
each phase deforms independently of the other. Additional support to
this hypothesis is found by studying the many electron micrographs.
Evidence of dislocation pile-ups at the interphase boundarieslB’lh could
not be foqnd. Furthermore, Fig. 16a shows that the nickel rich phase
is deforming in a manner typical of a single phase fcc alloy11 with a
low stacking fault energy. Comparing Fig. 18 with Fig. 9 one can
observe a narrow band of demse dislocation at the interphase boundary

of the deformed specimen indicating the development of shear stresses

across the interface.
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The test results at 500°C and 800°C (Tsble II), however, are
certainly not compatible with the law of mixtures. Possibly the values
of g taken fram the literature® are loer than the actual strength
of our thin chromium lamellae with their embedded oxide particles.

Obviously, a more rigorous analysis will be possible after we have

secured independent data for the deformation characteristics of the
two individual phases.

Bearing this in mind, it is possible to account, at least
qualitatively, for the various features of Fig. 11. The chromium rich
phase is the harder, less ductile of the two. As load ig applied it
does not deform plastically to any appreciable extent (no change in
hardness) whereas the nickel rich phase does deform plastically and
work havdens. Due to its brittleness (Fig. 12) the chromium rich
rhase can sustain higher loads in compression, which probably acéounts
for much of the difference between tensile and compression yield
strengths in as-grown material, a difference which is typical of composite
materials. At higher test temperstures, the chromium rich phase exhibits

some ductility (Figs. 13-15) which is corsistent with the decrease with

temperature of the gap between the tensile and compressive yield strengths
in the eas-grown material. The increase in strength of the swaged
specimens is probably due to the work hardening cf the nickel rich rhase,
for it developed a dense dislocation sub-structure after 1/2 an hour
anneal at 1000°C (Fig. 16b). At temperatures avove 500?0 the effective-
ness of the cell walls as barriers to dislocation motion surely decreases,

aprarently becoming ineffective at 800°C and sbove.
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The strengthening mechanisms operating in two-phase materials
have been related to dislocation pile-up at the interphase boundary, >rLt
to dislocation bowing]'5 or to a modified Pet-h type approach.s
The critical parameter in all. of these approaches is the characteristic
spacing between the dispersed second phase, to i%s particles, rods or
lamellae. We did not vary this parameter in our experiments because
(a) the as-grown spacing has only very recently been varied, and
(b) earlier material could not be swaged %o more than kot RA. We are
attempting to work the grown eutectic by hot rolling and in fact have

already had some limited success. The results will be included in the
next report.
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Iist of Figures

Apparatus for the unidirectionsl solidification of 0.2 ’nch
diameter specimens.

Apparatus for the unidirectional solidification of 0.75 to 1.5
inch diameter gpecimens. :

Growth characteristics of the Wi-Cr eutectic as a function of
temperature gradient and velocity at the liquid-solid interface.
Regular stable lamellar growth occurs above the line, in regions
of high gradient.

(a) Trensverse and (b) longitudinal cross sections of Ni-Cr
eutectic specimen T-13.

(2) Transverse section of Ni-Cr eutectic grown at 1 in/hr,
gradient 160°C/in (50X), Run T-17 :

(b) Transverse section of Ni-Cr eutectic grown at 2 in/hr
gradient 160°C/in (100X), Run T-13

-1/2

Iamellar spacing as a function of (velocity) for Ni-Cr

eutectic.
Ni-Cr phase diagram.

Relative x-ray intensities obtained by a scanning microprobe
beam. Note the sharp gradients at the Ni-Cr interphase boundary
and the dips in peak centers indicating rejection of Ni from Cr
solid solution.

A typical tramsrission electron micrograph of an as-grown
specimen, solidified at tke rate of 1/3 in/hr. All subsequent
specimens shown in the Figures were grown at this rate.

High magnification electron micrograph of a typical chromium
rich lamella. The internal structure was identified by electron
diffraction as Cr203 in the main.

0.2% yield in compression and tension for as grown material as
a function of test temperature, and compressive yield for 40%
RA swaged material.

Light micrograph of a longitudinal section from a specimen
deformed at room temperature (1000X). Note brittle failure
of the chromium rich lamellac.
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List of Figures (cont'd)

Light micrograph of a ciwcimen deformed in tension at
5000C (200X )

a: shoulder section
b: gewee section. Note some ductility in the chromium
rich lamellae.

A specimer deformed in tension at 800°C. Note increased
ductility of the chromium rich phase and separation along
the interphase boundary.

Shoulder and gauge sections of a specimen deformed in tension
at 1080°C. The chromitm rich lamellae are highly ductile and
there is extensive void formation.

Transmission electron micrograph of specimens a) deformed

2b in compression. This band structure is typical of fcc alloys
with low stacking fault energy, and b) swaged 40% RA, annealed
1/2 an hour at 10000C. Note the formation of a dislocation
sub-structure. The plane of foils is (211) Ni.

Transmissicn electron micrograph of ¢ specimen deforme? 5% at
8500C showing dislocations and some adiitional particles. The
diffraction pettern of this area shows (211) Ni and also
N120 .

3
This specimen was deformed 5% in compression at room temperature.
Note the narrow dislocation band at the Ni-Cr interphase
boundary (arvows).
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Fig. 4—(a) Transverse and (b) longitudinal

cross sections of Ni-Cr eutectic specimen
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—_—

(a) Transverse section of Ni-Cr Eutectic Grown
at 1in./hr, Gradient 160°C/in. (50X), Run T-17

(b) Transverse Section of Ni-Cr Eutectic Grown
at 2 in./hr, Gradient 160°C/in. (100X), Run T-13

Fig. 5

RM-4(163



A, microns

Curve 583039-8

v'%, (hr/in)%

3

Fig. 6—Lamellar spacing as a function of ( velocity)— for Ni -Cr eutectic
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Plate NC 043

Fig. 9—A typical transmission electron micrograph of an as-grown
specimen, solidified at the rate of /3 in./hr. All subsequent
specimens shown in the Figures were grown at this rate
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Cr Ni

4

Plate NC 042

Fig. 10—~High magnification electron micrograph of a typical
chromium rich lamella. The internal structure was

identified by electron diffraction as Cr203 in the main ﬂ
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Fig. 12—Light micrograph of a longitudinal section

- from a specimen deformed at room temperature

(1000X). Note brittle failure of the chromium
rich lamellae

RM-40757

L 1 f o f .' 'x 5 1 F e | [ oo it v v | ks

| et U tiamms U SR |

. - ree

r—

| == ™




3 -

-3

ae|[awie) Yol wnjwosys ayy ul A)j1onp awos ajoN °uoljdas abneb :q
| UoI29s Japjnoys :e

(X00Z) 30006 }e Uoisua) uj pawiojap uawdads e o ydesboioiw yybiy—g1 614

q X002 e

—

SIXY 8]ISua|

o

RM-40758




-34 -

Fig. 14—A specimen deformed at 800°C.
Note increased ductility of the chromium rich
phase and separation along the interphase
boundary
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0. 5__um

Plate NC 214

Fig. 17—Transmission electron micrograph of a specimen
deformed 5% at 850°C showing dislocations and some
additional particles. The diffraction pattern of this

area shows (211) Ni and also Nizo3

RM-40765
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§ PlateNC 314

Fig. 18-This specimen was deformed 5% in
compression at room temperature. Note
the narrow dislocation band at the Ni-Cr
interphase boundary (arrows)

RM-40760
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2. Solidification Studies

by
He D. Brody
Uriversity of Pittsburgh
Introduction
The solidification studies are primarily concerned with
understanding the fundamental parameters controlling the solidification
of two phase composite materials. We will investigate the following
areas.

1) What parameters control the stability of a planar solid-
liquid interface during the directional solidification of
a two phase composite? The requirements for normal freezing
and zone refining will be compared.

2) Is there an & priori technique for determination of the
effect of a third component on the stabllity of a planar
interface in a two phase composite?

3) VWhat parameters are critical to the spacing and the shape
of the phases in a unidirectional composite?

Previous workers, in general, have worked with low melting materials,
vhereas the present investigation will be concerned with relatively
high melting materials such as nickel-chromium. Thus, in the ccurse of
the investigation, medifications in customary techniques and controls

will be required.
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Tke approach will be from two points of view.

1) A fundamental methematical modeling of the solidif’cation
process and

2) An empirical analysis of alloys solidified over a range of
binary and ternary compositions and over a variety of growth

conditions.

First Phase of the Study

In the first phase of the investigation we are preparing
nickel-chromium alloys of eutectic and hypereutectic (chromium rich)
compositions. These are being zone melted and solidiﬁed in an electron
beam floating zone unit. A wide variety of 'grovrt.h conditions will be used
and the structure will be analyzed metallographically. In this way the
operatizg conditions, peculiar to our apparatus, necessarj to maintain a
planar interface will be empirically determined. To transform the results
into generally applicable growth parameters, the actual thermsl and interface
conditions reculting from these operating conditions will be determined
apalytically. The empirical results will be compared to results of
mathematical simulation.

Hypereutectic Ni-Cr composites are appealing in that

1) The volume fraction of the chromium phsse can be increased.
2) For the same platelet spacing (nickel plate thickness plus
chromium plate thickness) the thickness of nickel plates will

decrease.
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3) The corrosion resistance is expected to increase.

Mathematical Simulation nf Solidification

The platelets (or rods) in a two phase alloy can be expected
to grov perpendicular to the solid ligquid interface. For unidirectional
freezing at a planar interface » Platelets would be parallel and uni-
directional. If the interface becomes microscopically rough or celilular,
the platelets will curve and become discontinuous. Corditions for a stable
interface in normal freezing of a two phase alicy have been treated in some
detail by Jackson” and by Flemings.? The simier development of the latter
indicates “he interface will be Planar if the actual temﬁersture gradient,
G, at the 1nt§::face is greater than the gradient in liquidus temperatures

of the melt YL at the interface, i.e.,
a’rI.
G > = (1)
For an alloy of composition co freezing in the X direction at a grovth

rate of Rx’ as shown in Fig. 1, this eriterion becomes

G m(cE =1 G )
R 2 D . (2)

vhere CE is the eutectic composition, m is the slope of the liquidus at
cE and DL is the diffusion coefficient in the liquid. Steep thermal
gradients and slow growth rutes favor a stable planar interface. Except

for thermal undercooling, this simple treatwent ignores a possible
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breakdcvn of the interface for a pure binary alloy right at the eutectic
composition. Convection decreases the stability of the interface.

Zone welting is more commonly used than normal freezing for
high temperature material. The growth conditions imposed by the stability
criterion (equation 1) is expected to be different in zone melting than
for normal freezing, (equation 2). The common assumption made for zone
melting end freezing i1s that at steady state the composition within
the liquid zone is uniform. Such a simple assumption leads to the
conclusion, see Fig. 2, that any positive thermal gradient at the
solidifying interface will be surficient to maintain a planar interiace.
If this were true, “he on.y problem, and one readily solved by numerissl
analysis, would be determining the length of the transient. In this
simple scheme convection would favor a planar interface.

A closer look at the mass transport required by this simple model
confounds the issue as no steady state condition is apparent. At steady
state, solute would be rejected at <che golidifying interface at a rate
(-;E -C Q)Rz gramc per sec a= shown in Fig. 24, and solute would be
required at the melting front. ‘In the absence of convection there
munt be a concentration gradient to move the solute across the liquid
zone. If the same arount of solute is required at the melting interface
as is rejected at the solidifying interface » then there can be no
composition gradient. On the other hand if there is 2 concentration

gradient, some solute must diffuse into the solid, a slow process, or

B G R Soaa 2o
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the liquid must be enriched. A steadv state condition in the absence of
convection is not apparent. Will the. solute content in the liquid zone
osc’llate and lead to periodic breakdown of the interface during growth?
A closer ansliysis of the melting interface and of the effect of

convection will be attempted during the next contract period.

Experimental Work

Initiael work has been concerned with asgsembly of apparatus for
electron beam flosting zone melting, for induction melting and
directional solldification, and for alloy preparation. We have been
gaining famliliarity with the electron beam unit and the fange of
operating parameters required to meintein a stable liquid zone in
nickel chromium eutectics. Examples of the microstructures obtained on
wio tenths inch diesmeter rods of nickel chromium eutectic alloy, obtained
from Dr. W. C. Johnston of Westinghouse, are sbown in Figs. 3a and 3b.
Initial results indicate that the electron beam is a promising tool for
growing Ni-Cr eutectic composites.

An initial difficulty encountered with the apparatus is illustrated
in Fig. 3b. The mechanism that drives the electron emitter, a tungsten
filement, was sticking periodically due to a coated and misaligned gear.
~8 @ result the solid liquid interface was reriodically eccolerated and
decelerated. This led to simulaneous breaskdown of the platelets at
intervals ~orresponding to the frequency of sticking. This structure

wovid clearly be weak as the platelets all terminate in the same
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transverse plane. The sticking of the drive wes verified by attaching &
pen to the filament box and tracing & line on a rotating drum. Non-
linearity in the line verified the uneveness of the filament motion. This
situation was corrected, the uniformity of drive verified, and a new Ni-Cr
eutectic sample grown, which is currently being prepared for metallographic

analysis.
An apparatus has been assembled for casting rods which are of

the hypereutectic and eutectic compositions. A charge of the desired
composition will be induction melted in argon. Vacuum will then be used
to drav samples up into mold tubes dipped into the melt. .

In future experiments we will grow Ni-Cr alloys of eutectic and
hypereutectic (chromium rich compositions) over a variety of growth

conditions and analyze the microstructures obteined.

Graduate Students

Mr. Y. T. Pao is performing the experimental work for this

program.

1. Ja:kson and Hunt: Trans. IMD of AIME Vol, 238, August 1966, pp 1129-
k2. '

2. JMollard and Flemings: Trans. IMD of AIME Vol. 239, October 1967.
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Curve 583758-A

(a)

C /K

(c)
Planar  Cellular

Fig. 1=Growth conditions for normal freezing of
two phase composites. {a) Geometric arrangement
freezing from left to right. Initial transient is
first single phase then two phase increasing to the
steady state volume fraction ratio of phases. (b)
Concentration profile in solid and liquid phases.
(c) Gradient in liquidus temperature ahead of
interface and actual thermal gradient showing

condition fo.planar and.caugh interface
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Fig. 2—Growth conditions for zone melti ng and freezing.
(a) Geametric arrangement, (b) Composition profile in
liquid and solid phases. (c) Gradient of liquidus
temperature in the liquid zone and actual thermal
gradient. (d) Solute rejection at freezing interface,
(CIE - Co) RAt and solute absorption at melting interface,
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X 250

Fig. 3—(a) Transverse and (b) Longitudinal cross sections
of the Ni-Cr eutectic grown in the electron beam unit. The
discontinuous growth shown in (b) is due to variations in
- the interface velocity

RM-40762
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3. The Effect of Microstructure on the Behavior of
Rickel -Chromium Alloys under Conditions of Thermel Shock

by

°R. D. Townsend
Carnegie-Mellon University

The design and construction of an apparatus for studying the
effects of thermsl cycling in these alloys is progressing. Since the
completion of this work will take some time, it has been decided to
initiate the progranm by characterizing the thermei stability of these
alloys, using the simpler experimental technique of studying the effects of
temperature changes during creep. The basic creep behavi;:r of a series of
differont microstructurer will be studied at temperatures in the range 700°C-
850°C and the effact on the creep rate, and on the rupture life , of short
periods of overheating to temperatures in the range 900°C-1 ,000°C, will
be observed.

This work should provide useful background material for the
thermal cycling bebavior on two counts: 1) COﬁ.’inl bas found that the
number of cycles to failure during thermal cycling is independent of whether
the specimen is subjected to temsile or compressive stresses &t the
highest temperature. Thus the effect of periodic overheats on the creep
behavior of an elloy may be directly relatable to the behavior of the
material under normel thermal cycling conditions. 2) Rowe and Freeman®
have cbserved no marked increase in the creep rate at £16°C of a M-252
nickel-chromium alloy when subjected to periodic overheats at 10939,
~ but did observe increases in the ductility and in the rupture 1ife. These

e o e L
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chenges were thought to be duz to metallurgical effects, but these have

not been specifically identified. Since the purpose of this investigation is
primarily concerned with the effects of microstructure on thermal cycling,

the stability of different microstructures under these conditions is something
vwhich should be investigated at an early stage. Work is currently

progressing on the building of & creep rig and on the preparation of

specimens for this part of the investigation.

’

1. 1. F. Coffin, Trans. ASME Vol. 79, No. T, Pp. 1637, 195T.

2. J. P. Rove and J. W. Freeman; N.A.C.A. Tech. Note ho2k, 1958.
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4. Low-Cycle Fatigue of Nicbium 8ingle Crystals

by

J. C. DiPrimio
University of Pittshurgh

Introduction

Most detailed fundamental studies of fatigue damesge have
been made on face-centered cubic materials whereas many of the metals and
alloys which give promise for high temperature use have a body-centered
cubic structure. It has been decided therefore to concentrate on fatigue
in cingle crystals of niobium which 18 b.c.c. and melts at 2470°C. The
ratigue' bardening behavior in the low cycle range will be studied, using

as experimental parameters crientation, strain , 8train-rate and atmosphere,

Work to date has been concerned mainly with the construction of the

testiug assembly and fabrication and characterization of niobium specimens.

Testing Assembly

The Instron Tensile Testing machine has been found to give adequate

performance for low frequency fatigue tests. The upper limit of the strain

rate stems from the response time of the recorder, and it is anticipated
that this may be increased by the use of an X-y recorder. The Linearsyn
strain measuring device has been adapted to tfe Instron machine and will
be tested, using dumiy specimens made from copper. Dummy specimens will
also be used to

(1) Test for plastic buckling, using various gauge lengths.

(2) Test the overell performance of the machine and grips in both
tension-compression and at high stress.
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(3) Test the strain gauge in both dynamic and static (constant
strain) conditions.

Specimen Preparation and Characterization

Commercially pure niobium rods, 1/4 inch diemeter, will be zone
refined at approximately 9 cm/hr. Using a seeding tech‘nique , 8ingle
crystals of any desired orientation can be produced on the second zone
pass, ylelding specimens with about 24 ppm of oxygen. It has been found
thet electromechanical and chemical-mechanical devices cannot produce
un.}_g)rm specimen gauge lengths, ab initio. It has been decided therefore
to form the initial specimen shape by grinding, and finish the surface
with a chemical-mechanical polish. A small tungsten-wire
furnace is being comstructed for the final purifying anneal treatment,

12 hours at 2000°C.

The purity level of the niobium will be agsessed (a) from the
electrical resistivity ratio and (b) from gas analysis by vacuum fusion.
The dislocation density and distribution will be determined by two
techniques, (a) by an etch-pit technique on the (111) planes and
(b) by a dislocation decoration technique as developed by Vardiman end
Achter.l The decoration is achieved by doping with 50 ppm carbon. The
carbon doping will be accomplished by vacuum depositing carbon, and the
diffusion of the dopant by heat treatment. The vacuum apparatus is

currently being constructed.

Personnel
Mr. M. Doner is performing most of the program, but was slightly
delayed by the time he devoted to preparation for the comprehensive
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examingtion. Mr. K. Sadananda is helping with x-ray work, and is especially -
concerned with the specimen characterization problem. [

1. Vardivanand Achter Fall Meeting of AIME, Clevelsnd 1967, to be
publiﬂhedo
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5. Fatigue of Metals in a Vacuum Environment;

by
H. F. Andrejasik
University of Pittsburgh

An extensive literature survey relating to the suvbJject
"Fatigue of Metals in a Vacuum Environment" has been condueted. The
literature generally shows that fatigue life is better in ‘vacuum than in
air for most of the materials investigated. The rélationship between fatigue
life and very high vacuum hag not been clearly established. In some cases
& continuous variation is found and in others a stepped variation. Thus >
Ham (1963) found that for pure aluminum the fatigue life was nearly constant
from atmospheric breéssure to pressures of lo"2 Torr, increasing steadily
fror 10™2 to 10~ Torr, and was nearly constant for lover pressures.

Two mechanisms bave been proposed to explain the results. One,

the chemical mechanism Suggests that oxygen molecules in the atmosphere

coubine with atoms at the base of a fatigue crack, weaken the material

and thus accelerate fatigue crack growth. 4s the gas pressure is reduced
further, fewer oxygen molecules are availatle to weaker. the material and
consequently the rate of fatigue crack growth is lover. A second mechanism
used to explain increased fatigue life in vacuum is based upon a concept

of cold-welding. It is Proposed that at low g88 pressure the new fatigue
crack surface developed under tension loading is only rartially contaminated

because of the 1lim?ted nunber of contaminating molecules available.
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During the compression portion of the cycle, uncontaminated portions of

the surfaces are brought together under pressure and direct cold-welding
occurs producing an increase in fatigue life. In the case of aluminum,

the previously mentioned stepped variation has been found and a great

2 ond 10°% Torr. It is

improvement in fatigue life occurred between 10~
proposed that at gas pressures above 10'2 Torr there always is a sufficient
thickness of surface contamination to prevent cold-welding. At gas
pressure below lo-h the surface contamination thickmess is insufficient
to prevent cold-welding during the compression part of the cycle.
Between these iwo limits of gas pressure there is a transition range
and fatigue life varies rapidly within the range.

It is clear that the exact mechanism of fatigue life in
vacuum is not known. An object of this aspect of the Pitt program
is to determine this mechanism. We note that in published work samples
were subjected only to complete reversal of loading, i,e., tension to
coxpression. This mode of loading makes it impossible to diffzrentiate
between the chewaical and cold-welding mechanisms for improved fatigue
life. Consequently, the test program conducted by Mr. Andrejasik will
employ three loading modes: (a) compression-temsion, (b) zero-tension,
(c) tension-tension. Cold-welding effect should be apparent only under
compression-tension conditions, whereas the chemlcal reaction mechanism
should be operstive in all three cases. The studies %211 be made from
atmospheric conditions to vacuums in the range 10™ ! or 10-8 Torr and

variable frequencies will be employed. The initiel investigations will
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be conducted on cantilever sheet specimens of 1100-H-14 aluminum in the
neighborhood of room temperature. This material was chosen because previous
workers bave studied it and therefore results may be compared. In the
initial work temperature will be constant in order to limit the number

of variables.

Thus, answers will be sought to questions of the following

type:
Does a coniinuous or stepped variation exist between
fatigue life and degree of vacuum?
Does the mode of loading influence the relationship
between fatigue life and degree of vacuum?
Does the test frequency influence this relationship?
Wkat parameters affect crack propagation:

Progress

The vacuum fatigue testing equipment has almost been completely
designed and now 1s in the process of being constructed. There have been
a fev minor changes in the design since the last bProgress report. After
discussing the rrogram with various manufactures of vacuum systems » 1t was
decided to incorporate a Zeolite trap in the foreline to reduce the
Possibility of back streaming while operating the vacuum system at pressures
only slightly below atmospheric conditions (102 to 10°3 Torr). eince
standard pumping systems do not have a Zeolite trap, this type of a
pumping system was considered a special order resulting in a longer

delivery time. A NRC Model 3305 Portable Pumping System with a 10 cfm
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Welch Mechanical Pvmp, Model 1376B and the special Zeolite trap in the
foreline has been ordered and delivery is scheduled for December 15, 1967.

The initial material to be investigated will be 1100-H14 aluminum.
A standard Krouse sheet fatigue specimen will be used. To reduce the
effect of specimen preparation to a minimum, the specimens will be prepared
on a Type 10-31 Tensilkut Machine using a special designed template., The
Tensilkut machine is available at the University and the template has been
ordered from Sieburg Industries Incorporated. With this template , 1t
will be possitie to prepare specimens consistently to very c¢lose tolerances.
The delivery date for this template is November 30, 1967.

1t was also decided to incorporate into the initially outlined
program a study of crack propagation. This study will indicate how the
three loading conditions: (a) compression-tension, (b) zero-tension,
a.d (c) tension-tension effect the rate of crack propagation. To study
crack propagation, the originally designed test chamber had to be
Changed clightly to provide a means of measuring the crack length. Tnstead
of a .11 jar, a piece of glass pipe will be used with a stainless steel
top plate containing a viewing port. Through the viewing port, a Bausch
and Lomb Stereo Zoom microscope will be used to detect the start of the
fatigue crack and measure its length as the fatigue test Progresses. To
detect and measure the length of the crack, the surface of the fatigue
specimen will require some type of metallographic polish. At Present we
are investigating various methods which &re feasible and practical for

polishing the surface of a fairly large (2" x 3") sheet fatigue specimen.
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6. Mechanical Properties of Fine-grained, Low Porosity Ceramics

by
M. Papapietro and D. Ragone
Carnegie-Mellon University
Empirically, it is observed that the bend strength of ceramics

is increased as the grain size and the Poroeity are decreased. This
relationship to grain size may be interpreted in terms of a Cottrell-
Petch model if dislocations are free to move. The effect of porosity may
be thought of in terms of the Griffith crack model. A good review of
the status of the experiments and thinking in this field is given in a
recent article by Stokes.l

Recent work2 in the area of nuclear fuel production has shown

that solgel techniques can be used to make high density oxides (especially
thoria) at low sintering temperatures. These oxides have very small grain
sizes, i.e., measured in hundreds of Angstroms. To use the method, a sol
is first prepared, fcr example, by peptizing thoria produced by the steam
denitration of thorium nitrate. This s0l is then gelled by removing some
of the water. The gels can be made in many shapes (round particles or
plates) depending on the technique used for dehydration. The gel is then
heated slowly to drive off the remaining water and finally sintered.
Because of the extremely fine grain size in the sol and gel, this sintering
is accomplished at rather low temperatures.

The s0l gel technique thus seems to offer the opportunity to
prepare samples of ceramics with very higa density and very fine grains
vhich could be used to extend the study of mechanical properties into an
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area not previously investigated and where, hopefully » higher strengthc
would be coserved.

The investigation toc date has been concerned with the methods
for producing ceramic oxides other than thoria (such as Mg0 and A1203)

by sol gel techniques.

1. Stckes, R. J., NBS Miscellaneous Publication 257, p. 41-63 (1963).

2. Ferguson, D. E., 0. C. Dean, D. A. Douglas, "Sol-Gel Process for the

Rerote Preparation and Fabrication of Recycle Fuels" » Proc. Intern. Conf,
Peaveful Uses At. Energy 374, Geneva, 1964, 10, 307-15 (Published 1965).
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T. Solid Solution and Precipitation Hardening of Oxides

by
J. 8. Foster
Carnegie-Mellon University

The purpose of this research is to determine what Processes
are involved in precipitation and dissolution of second rhases in oxides
and hoyr the mechanical properties are affected by these processes. The
first oxide to be studied will be MgO, and both pure and alloyed specimens
will be used. ther oxide systems such as BeO and Be0 alloys my be studied
after the initial work is completed on the Mgo systems, ;I'he experimental
brogram is divided into two phaces: a study of the defect structures and
precipitation and dissolution kinetics, and a study of the mechanical
properties. Both programs will include temperature » oXygen pressure, and
composition as variables. The initial work will be carried out on single
crystal specimens; and high density polycrystalline material w.1l be used
later. This approach should make it possible to separate the effects of
the environment, alloying additions » and presence of grain boundaries
on the transport » dissolution, and precipitation phenomena in oxides
and to show how the mecLanical properties suck as creep and yield
strength are affected by these phenomena.

MgO has been studied by several :I.nvestigatorsl's and there is
little agreement on the nature of the defect structure. Either oxygen
Or magnesium ions may be mobile in a &lven environment, and there has been
- little effort to separate out important variables such as the role of oxygen
pressure. Significant ionic conduction must occur in MgO since it has been
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used as a high temperature electrolyte, and the work of Goto6 shows that
the transport number for ions must be nearly one. This complicates the
determination of the defect structure to some degree, and it will be
necessary to use at least two technigues.

AC conductivity measurements reflect both ionic and electronic
transport. This technique will be used along with blocking electrode
experiments. In a blocking electrode experiment the ionic conduction is
suppressed leaving only the electronic portion. The electronic portion
can be divided into the electron and hole contributions using the technique
of ;Patter:son.'r The electronic conductivities cun be related to the defect
equilibria in the oxide after the method of Krggera and this will establish
the defect structure. The ionic portion of the conductivity can then be
directly related to the diffusion coefficients of each species. Preliminary
measurements on a-Agl have been carried out using Ag as the reversible
electrode and grarhite as the blocking electrode. This work was used to
test the apparatus and technique.

A circuit for measuring AC conductivities at high temperatures
is under construction. The possibility of developing a universal reference or
reversible electrode is being studied. This electrode would consist of a
Pt sheet in contact with the specimen, a pure oxygen ion conductor such as
Tho' BSIO- 1501'925 » 8nd a reversible metal-metal oxide electrade. By fixing
the potential of the Pt electrode with respect to the metal-metal oxide
electrode, an effective oxygen potential can be established at the Pt
electrode. This would give a great deal of flexibility in making the
measurements snd may be contrasted with the typical method of wiing a
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metal-metal oxide electrode which establishes only a single value of oxygen
potential for a given temperature.

The source of high purity Mg0 and Mg0 alloys will be W & C Spicer,
Itd. Prismatic samples large enough to provide both the defect structure
and mechanical properties specimens will be obtained.

The mechanical testing apparatus is being designed and v;ill
use a low thermal inertia » graphite tube furnace for heating. Suitable
fixtures for compression and for three-point bending of specimens are
being considered.

It is expected that the defect structure work ;n Mg0 will be
under way and that the mechanical testing apparatus will be ready to use at
the end of March 1968.

One second year graduste student, Mr. Amin Degani s is currertly

working on the defect structure phase of this research.

1. M. O. Davies, J. Chem. Phys. 38, 2047 (1963).
2. 8. P. MItwff, J. Chem. Phys. 31, 1261 (1959); 33, 941 (1960); 36,
1383 (1962).
3. H. Schmalzried, J. Chem. Fhys. 33, 940 (1960).
4. R. Mensfield, Proc. Phys. Soc. (London) B66, 612 (1953).
5. E. Yemaka and K. Sawemoto, J. Phys. Soc. Japan 10, 176 (1955).
6. K. Goto, privat: commnication, Tohoku University.
T- J. Patterson, Ph.D. dissertati.. ‘he Ohio State University, 1966.
8. F. A. Kroger, the Chemistry of Imperfect Crystals, Wiley, New York 1964,
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8. Properties of Refractory Metals Carbides

by
J. S. Foster
Carnegie-Mcilon University

Refractory metal carbides are potentially useful at high
temperatures because of their bigh melting points. Titanium carbide appears
to be particularly interesting since it is cubic and has sufficient active
slip systems to allow some plastic deformation at high temperatures.l
TiC can exist over a range of composit;ion,2 and Hollox and Smallman3
have shown that diffusion is a function of composition. .They suggest
that the Peierls stress is also affected. Studies at the.Westinghouse
Astronuclear La'bora'boryh bave shown that TiC creeps very rapidly at
T/Tm ~ 0.5 although the mechanism of creep was not clearly established.
w.ll:l.ams5 bas shown that TiC can be strengthened considerably by addition
of small amounts of boron. The boron forms a precipitate which is thought
to be TiBz. The precipitate forms on the {111} planes of TiC 5 &nd Venable56
bas proposed that the bpron nucleates etacking faults in the calrbide.

Very little is known about the mechanical properties and
strengthening mechanisms in the refractory me:al carbides. Sarian and
Criscione! have pointed out that the mechanisms for creep snd for dlffusion
are not known in ZrC and the same applies to TiC. Similarly, the mechanism
of precipitation of second phases such as '1‘1]32 in TiC 1s not known. The
slip systems of ZrC and other carbides (besides TiC) have not been determined
and the role of carbide composition in determining the high temperature
mechanical properties is unknown. Studies of the mechanisms of precipitation
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of borides in TiC and the subsequent effects on the mechanical properties

at high temperatures will be undertaken.

Samples of TiC, Zr, and VC bave been cbtained and experimental

work using the Berg-Barrett technicue to study the dislocation distribution

will begin shortly. This may lead to elucidation of the 8lip systems in

ZrC and VC. Experimental methods for producing flat plates of the carbides

by reaction of graphite and high Purity metals are being considered along

with methods of controlling both carbon and boron levels. The mechanical

testing apparatus mentioned in the previous section would be employed

in this work.

One second year graduate student » Mr. Robert Palm; is currently

working in this area.

1.

2.

3.
L,

Se
6.

7.

W. 8. Williame and R. D. Scheal, J. Appl. Phys. 33, 955 (1962).

R. P, Elliott, Constitution of Binary Alloys, p. 232, McGraw Hill, Rew

G. E. Hollox and R. E. Smallman, J. Appl. Phys. 37, 818 (1966).

L. Fleischer, private commmication » Astronuclear laboratory,
Westinghouse, Pittsburgh, Pa.

W. 8. Williems, Trans. AIME 236, 211 (1966).
J. Vensbles, Phys. Stat. Sol. 15, 413 (1966).

S. Sarian and J. M. Criscione, J. Appl. Phys. 38, 1794 (1967).
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9. Screening of Eutectic Combinations: Cobalt Base »
Aluminum Base and Silver-Silicon :

by
R. Kossowsky, W. C. Johnston and B. J. Shew
Westinghouse Research & Development Center
Some time was spent in the screening of new
alloys in our directional solidificaticn apparatus. Some of these are
metal-intermetallic pairs; Ag-Si is a truly ductile matrix-brittle
"metal" second phase with little mutual solid solubility; while
NiCr is comparatively ductile-ductile with much solubility. We are
seeking combinations of this sort to characterize the rol‘e of solution
strengthening. We have also prepared two more vomplex alloys which
may have magnetic and turbine applicaticns.
The following new alloys have been cast » directionally
solidified in the 0.2" diameter apparatus by Dr. W. C. Johnston,

and then examined metallographically and mechanically by Dr.

R. Kossowsky.
Table I
Cobalt Base Alloys
Alloy Composition, wt %
Cb Cr Ta Fe Co
321 2]- ) - o - e B‘l
RS2 13 .- o s Bal
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Table I (cont'd)

Alloy Composition, wt 4
Cb Cr Ta Fe Co
R53 13 -- -- 15 Bal
R30 10 10 -- -- Bal
R31 9 18 . -- -- Bal
R38 18 10 -- -- Bal
RuU6 16 17 3 -- Bal
R51 15 20 3 - Bal
RL5 -- 20 2% -- Bal
R50 -- 20 25 -- . Bal

The cobalt hase columbium eutectic (R21) hed a room temperature
yleld strength of 160,000 psi, dropping to 115,000 nei at 16000F.
R38, with 10% Cr replacing CoCb eutectic » vas tested at five temperatures
up to 2O000OF where it retained strength of 39,000 psi. Two hundred hour
1500°F suiphidation tests of R4S and R51 produced weight losses of
2.4 mg/cme, which are close to the 2.7 mg/cm2 experienced by an Udimet 500
sauple run at the same time. (ne bundred and fifty hour, 1500°F hot
corrosion performed on alloy R45 showed losses of 0.85 me/cm2 compared to
2.6 mg/cm2 for a standard 80 N1-20 Cr nichrome alloy anl 1.5 mg/cm2
for Udimet 500.

The remainder of the directional solidification runs in the
0.2" diameter apparatus were carried out on aluminum base ailoys with
additions of palladium, thorium, and lantbanum. The palladium alloy is the
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periodlv analog of the well known nickel strengthened aluminum alloy.

It is expected that its properties and microstructure should be similar
to its nickel counterpart, and the system is being screened to see if this
is indeed so and if there are differences that are interesting enough to
warrant further exploration. The speeds of growth were varied from
1/3"/bour to 6"/hour to produce lamella of different spacing, and the
Al-Pd eutectic solidified at tne higher rate showed a significant
improvement in the elevated temperature strength. At temperatures above
2000C the eutectic alloy is twice as strong as the top line precipitation
bardened. aluminum TOT6-T6 commercial alloy.

In the larger sizes (3/8" diameter to 1-1/2" diameter) five
runs were made with Ni-Cr, and, for comparison, one of Udimet 520 and
also one of Ag-Si. Compression tests were made on the Udimet 520; %he
0.2% offset was measured at five temperatures up to 20000F, and is not
significantiy different from as-received US20. This was expected on the
basis of work at United Aircraft, although it is in contrast with our
experience in the simpler eutectic systems in which strength improves on
directional solidification. In the Ag-Si eutectic, Dr. B. J. Shaw has
found that the two phases separate completely on solidification. Although
the ingot did bave some fine straight lamellae, the microstructure in
this first attempt was spoilt by the presence of a large number of

silicon dendrites.
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